Varicella-zoster virus (VZV) is propagated by cocultivating infected cells with uninfected cells. Because VZV is cell associated and high titers of cell-free virus that can be used to synchronize infection do not develop, analysis of VZV gene transcription in infected cells in tissue culture has been limited. Three reports described global analysis of VZV transcription in cultures harvested at advanced stages of infection; Northern blot analysis of RNA extracted from late-stage VZV-infected cultures identified 58 to 67 discrete transcripts mapping throughout the virus genome (26, 32) , while single-stranded DNA probes used in Northern blots revealed the direction of transcription of 57 of the 58 previously identified VZV transcripts and also identified 20 novel virus transcripts (35) . Because the RNA in those studies was sampled at the height of cytopathic effect, the transcripts were presumed to reflect VZV structural genes.
To better understand the pattern of virus gene transcription during lytic infection, we constructed PCR-based VZV transcriptional arrays to analyze the magnitude of expression and relative abundance of each predicted VZV gene as well as detect transcription for three large intergenic regions of the virus genome.
MATERIALS AND METHODS
Virus and cells. VZV (strain Ellen) was propagated as described previously (13) by cocultivation of infected and uninfected BSC-1 cells, a continuous cell line derived from African green monkey kidney cells. Since VZV is highly cell associated, and infection in vitro is achieved by cocultivation of infected cells with uninfected cells (unlike herpes simplex virus, where high titers of cell-free virus can be used to infect cells), accurate assessment of multiplicity of infection is not feasible. Instead, virus-infected cells were mixed with uninfected cells, resulting in a typical multiplicity of 8.6 ϫ 10 3 infected cells and 1.2 ϫ 10 6 uninfected cells (multiplicity of infection ϭ 0.007).
VZV DNA was extracted from isolated nucleocapsids (44) by digestion with 50 g of pronase K (Roche, Indianapolis, Ind.) per ml in 2% sodium dodecyl sulfate (SDS) and spooling on glass rods upon the addition of ethanol. The integrity of virus DNA was determined by restriction endonuclease digestion and agarose gel electrophoresis. Array construction. VZV transcription arrays were modeled after similar arrays developed to analyze human cytomegalovirus (2) and herpes simplex virus type 1 (39, 36) transcription. PCR primers (Integrated DNA Technologies, Coralville, Iowa) were selected to amplify 250-to 600-bp DNA segments from both the 5Ј start and 3Ј terminus of each predicted unique VZV open reading frame (ORF) (GenBank accession number NC 001348). For ORFs Ͻ 350 bp, one set of primers was selected to amplify the entire predicted ORF. Table 1 lists the oligonucleotide primers, the ORF to which the primers map, the 5Ј location of each 20-to 25-bp primer, and the size and molar GϩC content of each amplified fragment.
Initially, PCR analysis of VZV-infected and control BSC-1 cell DNA showed that each primer pair was specific for VZV DNA (data not shown). Each primer pair was then used to amplify 10 6 copies of purified VZV DNA. To facilitate cloning, the primers contained restriction endonuclease sites (EcoRI, PstI, SstII, KpnI, SphI, or HindIII) 5Ј proximal to the virus DNA sequence. The amplified product was digested at the engineered restriction endonuclease site, gel purified, and inserted into the multiple cloning site of pGEM3zf Ϫ (Promega, Madison, Wis.). Plasmid construction was confirmed by PCR, restriction endonuclease digestion, agarose gel electrophoresis, and, when required, DNA sequencing (Macrogene, Inc., Seoul, Korea). Recombinant clones were propagated, plasmid DNA was extracted, and the VZV DNA insert was PCR amplified with universal plasmid primers. The integrity and quantity of each PCR product were determined by agarose gel electrophoresis, and all DNA targets samples were diluted to 10 ng/l.
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Data analysis. Arrays were scanned (Storm; Molecular Dynamics) and target spot intensities were determined (Image-Qaunt; Molecular Dynamics). All experiments consisted of replicate arrays and were repeated at least three times. Each experiment also contained arrays hybridized to probes synthesized from uninfected control cells. To enable comparison of results from independent arrays, data were normalized according to the formula:
where X VZVi is average VZV array spot intensity (i), X coni is average control array spot intensity, X VZVnd is average VZV array no-DNA spot intensity, and X connd is average control array no-DNA spot intensity.
Northern blot analysis. RNA was denatured in formaldehyde at 65°C for 15 min and resolved in 1.8% formamide-denaturing agarose gels, transferred to nylon-based membranes (Zeta Probe; Bio-Rad), and probed with either PCRgenerated fragments labeled by nick translation or 32 P-end-labeled oligonucleotides (11).
3-RACE. First-strand cDNA was synthesized by priming the RNA with a modified oligonucleotide containing a PCR primer pad at the 5Ј end of the oligo(dT) (CDS-primer; Clontech, Palo Alto, Calif.). Amplification of the cleaned cDNA with a VZV gene-specific primer located Ϸ500 nucleotides from the 3Ј end of the selected ORF and the 3Ј rapid amplification of cDNA ends (RACE) PCR primer resulted in the 3Ј-terminal sequences of the selected VZV transcript, including the poly(A) tract. Products were cleaned and the DNA sequence wasdetermined. 
RESULTS
Specificity of VZV arrays. Figure 1 illustrates the array specificity. Each segment of cloned VZV DNA was flanked by Ϸ50 bp of common plasmid DNA.
32 P-end-labeled oligonucleotide probes mapping to this common plasmid sequence detected all amplified targets on the array (panel A), while probes made from cell DNA detected only the actin and GAPdH targets (panel B). Probes made from VZV DNA enriched from virusinfected cells revealed all cloned VZV targets and the cellular actin target (panel C). VZV DNA extracted from enriched nucleocapsids contained small amounts of cellular DNA resulting in detectable levels of cellular actin sequences in the array analysis. The intensity of the actin spots was greater than the intensity of GAPdH spots when the array probe consisted of cellular DNA (panel B), explaining the lack of GAPdH DNA hybridization signal in panel C.
Quantitation of spot intensity from the array in panel A revealed no clustering of targets with intensities of Ͼ1 standard deviation from the mean (red-shaded region in the plasmid graph), indicating the absence of geometric bias in the array. No statistical correlation between spot intensity and insert GϩC molar content (R 2 ϭ 0.07) or target size (R 2 Ͻ 0.01) was detected in arrays probed with the plasmid-specific oligonucleotide (panel D). Similarly, quantitation of spot intensity from the array probed with VZV DNA (panel C) showed that most hybridization signals were within 1 standard deviation from the mean (red shaded region). However, a cluster of targets corresponding to clones 129 to 144 showed Ϸ2-fold higher than average signal intensity. These targets mapped to VZV ORFs 62, 63, and 64 and the intergenic region separating VZV ORFs 62 and 63, and all of these targets mapped within the inverted repeat of the unique short segment (IR S ) of the VZV genome. Thus, a randomly labeled, nicktranslated probe synthesized from VZV DNA would be expected to overrepresent (by twofold) the amount of probe accessible to targets within the IR S . Alternatively, the IR S contain areas of high GϩC molar content, which could result in a higher hybridization signal. Panel E illustrates this minimal association of spot intensity with (GϩC)% (R 2 ϭ 0.57), and the absence of any significant association between spot volume and VZV DNA insert size (R 2 ϭ 0.08). Sensitivity of VZV arrays. The relative abundance of individual transcripts within an RNA preparation is most accurately determined by array analysis when the probe is labeled during first-strand cDNA synthesis (17, 40) . Whereas direct cDNA labeling of VZV-infected cell mRNA yielded probe with activity sufficient to detect numerous VZV transcripts, labeling the synthesized cDNA by nick translation yielded probes with higher activity. With the single exception of clone 136, which contains a 276-bp insert mapping to the 3Ј terminus of ORF 62, the relative abundance of the virus transcripts was FIG. 1. Specificity of VZV arrays. VZV arrays were incubated with 32 P-end-labeled vector primer (A), 32 P-nick-translated control cell DNA (B), or VZV DNA (C) probes. All arrays were configured the same; Table 2 lists the location (column and row) of the 152 VZV DNA ORF targets. Each array also contained a quadruplet set of four control targets. Control targets in each array consisted of actin (row 10, columns 1 and 5; row 11, columns 9 and 13), GAPdH (row 10, columns 2 and 6; row 11, columns 10 and 14), plasmid DNA (row 10, columns 3 and 7; row 11, columns 11 and 15), and no DNA (row 10, columns 4 and 8; row 11, columns 12 and 16). After hybridization, the intensity of each spot was quantitated by phosphoimaging. The graph to the right of each array shows the spot intensity (arbitrary units) associated with each of the 152 VZV target clones, along with the average spot intensity associated with the array controls. Error bars indicate the standard error of the mean for each data point. The red shaded regions in the graphs show the mean Ϯ 1 standard deviation for the VZV target DNAs. The three-dimensional Lorentzian transformation of spot intensity versus insert molar GϩC and insert size (in base pairs) revealed no statistical correlation when the array was probed with the plasmid oligonucleotide (D), but a slight correlation between spot intensity and insert GϩC content when the array was probed with VZV DNA (E). maintained independent of the labeling method (data not shown).
Transcription of VZV genes during lytic infection. VZV is highly cell associated, which precludes the ability to obtain high titers of cell-free virus, a requirement for synchronized highmultiplicity infections and one-step growth analysis. Instead, virus infection is initiated by cocultivation of infected cells with uninfected cells. Such pseudo-one-step analysis has been used to compare the growth kinetics of wild-type and mutant VZVs containing site-directed mutations (4, 9, 30, 34) . Thus, sequential array analysis reveals virus gene transcription as the infection progresses through the culture (Fig. 2) . Nick-translated cDNA array probes were synthesized from VZV-infected cell RNA harvested at 1 to 4 days postinfection and compared to probes synthesized from control cells harvested after 2 days in culture (Fig. 2) . Probe synthesized from control cells detected only actin and GAPdH transcripts (panel A), whereas probe synthesized from VZV-infected cells harvested at 1 to 4 days postinfection detected, along with actin and GAPdH, numerous VZV targets (panels B to E). Quantitative analysis of individual spot intensities revealed increased expression of VZV genes as a function of time but no significant variation in the pattern of virus gene expression (Fig. 2, graphs) . Table 2 presents the quantitative analysis of VZV gene transcription. Columns 1 to 5 correspond to the array images and list the clone number, predicted VZV ORF, and region to which the cloned VZV DNA insert maps and the physical coordinates that locate each clone on the array by column and row. Other columns list the relative expression and standard deviation of each array target generated from probe synthesized from VZV-infected cells harvested at 1 to 4 days postinfection and the order (in descending relative expression) of each VZV target resulting from the probe at 1 to 4 days postinfection. For example, the highest relative expression obtained with the 1-day postinfection probe was associated with clone 17, the VZV insert mapping to the 3Ј terminus of ORF 9. Since DNA corresponding to clones 26, 27, 126, 135, and 139 (indicated in italics) was not applied to the arrays, the order number of these spots was used to determine the threshold for detection of VZV gene expression. Thus, transcripts mapping to a particular target VZV clone are listed as present (indicated in bold) if the order number was less than the minimum order number corresponding to clones 26, 27, 126, 135, or 139. RNA samples harvested at 1 day postinfection detected 21 (14%) of the total 147 VZV-specific array targets. Similarly, VZV-infected samples harvested at 2 days postinfection detected 136 (92%), samples harvested 3 days postinfection detected 143 (97%), and samples harvested 4 days postinfection detected 137 (93%) of the available VZV-specific array targets. Considering that 64 of the 68 predicted unique VZV ORFs contained multiple targets and that targets corresponding to ORF 14 were not present on the arrays, samples harvested 1 day postinfection detected 18 of the possible 67 VZV ORFs. Similarly, samples harvested 2 and 3 days postinfection detect 100% of the 67 VZV ORFs. Samples from day postinfection 4, which lacked detectable ORF 5 transcripts (clones 8 and 9), detected 66 of the possible 67 VZV ORFs.
A bias was detected when multiple targets were associated with a specific VZV gene, especially evident in the 1 day postinfection sample, 12 of 14 times towards the 3Ј end compared to 2 of 14 times towards the 5Ј end, most likely reflecting incomplete oligo(dT)-primed, first-strand cDNA synthesis resulting in underrepresentation of the 5Ј start of the ORF. Table 3 summarizes the relative expression of VZV ORFs, given in decreasing order of abundance and as the average relative expression for both the 3Ј and 5Ј targets for each ORF from 2 to 4 days postinfection. The function assigned to the individual virus genes (21, 42) is also listed. Figure 3 , visually representing the transcription expression data in Table 3 , shows that the four most abundant (relative expression Ϸ100 and greater) VZV transcripts detected during virus growth mapping to ORFs 9, 64, 33, and 49 are located throughout the virus genome.
Confirmation of array results (DNase digestion).
Because array cDNA probes generated by nick translation are also expected to radiolabel residual VZV DNA, PCR was used to demonstrate the removal of residual DNA from the RNA preparations. RNA extracted at 1 to 4 days postinfection was incubated with or without reverse transcriptase (RT), and the resulting material was amplified with actin or ORF 9 primers. Resolution of RT-dependent bands at 242 bp (actin) and 452 bp (VZV ORF 9) indicated that residual DNA was eliminated from the RNA preparations, and the band intensities reflected the relative expression levels determined by array analysis (data not shown).
Confirmation of array results (Northern blot and 3-RACE).
RNA from control and VZV-infected BSC-1 cells was resolved on Northern filters and hybridized with various ORF and intergenic VZV DNA probes (Fig. 4) . Both the ORF 9 probes detected two predominant transcripts at 1.68 and 1.25 kb; the ORF 64 probes detected transcripts at 1.67 and 1.01 kb; ORF 63 probes detected transcripts at 1.67 and 1.22 kb; the ORF 62 probe detected a single 3.35-kb transcript; ORF 61 probes detected a 1.54-kb transcript; and the ORF 40 probe detected a major transcript at 5.19 kb.
To determine whether both the transcripts detected with the ORF 9 probes mapped to the same DNA strand, the Northern blot was probed with oligonucleotide 9FB (Table 1 ). This oligonucleotide maps antisense to the 3Ј terminus of ORF 9 and detected both the 1.68-and 1.25-kb transcripts. The 3Ј end of the ORF 9 transcripts was PCR amplified, and the DNA sequence located the poly(A) tract to a unique site 52 nucleotides distal to the ORF 9 termination codon, 12 nucleotides downstream from the predicted poly(A) addition signal. ORF 9A is a newly identified transcript mapping 107 nucleotides upstream of the ORF 9 initiation codon (38) . Thus, Northern blot analysis with PCR-generated and strand-specific oligonucleotide probes, coupled with the 3Ј-RACE and DNA sequence results, are consistent with readthrough from the ORF 9A promoter to the ORF 9 termination/poly(A) addition signal, thereby generating two 3Ј-coterminal transcripts (1.69-kb ORF 9A and 1.25-kb ORF 9).
The major 1.01-kb ORF 64 transcript, detected with both 5Ј and 3Ј probes, corresponds to the predicted 539-bp ORF 64, indicating Ϸ470 nucleotides of untranslated RNA. The major 1.22-kb transcript detected by both ORF 63 probes corresponds to the predicted 833-nucleotide ORF 63, indicating 387 nucleotides of untranslated RNA. Comigrating bands at 1.67 kb were detected with all ORF 63 and ORF 64 probes, indicating that this transcript is the result of gene 64 readthrough to the gene 63 termination/poly(A) addition signal.
VZV DNA analysis indicates that gene 62 includes a 3,930-nucleotides ORF. Northern blots analyzed with ORF 62, 5Ј, and Int 1 probes detected a single VZV-specific transcript at Ϸ3.4 kb. This transcript most likely corresponds to the gene 62 transcript, with the Int-1 probe mapping to the 5Ј untranslated region of the full-length transcript. The size discrepancy between the expected gene 62 transcript and that seen on the Northern blot rests in the inherent difficulty in determining the size of large transcripts on denaturing agarose gels.
A single 1.54-kb transcript was detected in VZV-infected BSC-1 RNA with probes generated from both ORF 61 termini, along with Int-9 and Int-10 DNA sequences. 3Ј-RACE used to amplify the end of VZV gene 61 from virus-infected cell RNA showed that the DNA sequence contains a poly(A) tract 99 nucleotides distal to the ORF 61 termination codon, 17 nucleotides distal to the predicted poly(A) addition signal. Primer extension has mapped the 5Ј start of gene 61 transcription 69 nucleotides upstream of the initiation codon (31) , and our present results map the 3Ј terminus 99 nucleotides downstream of the termination codon. Int-9 and Int-10 probes detected the 5Ј and 3Ј untranslated regions, respectively, associated with the 1.54-kb ORF 61 transcripts. ORF 40 encodes the major VZV nucleocapsid protein. This predicted 4,187-nucleotide ORF is contained within the Ϸ4.9-kb transcript detected with the 3Ј ORF 40 probe. The low relative abundance of this transcript determined by array analysis was reflected in the Northern analysis, which required longer exposure times to detect ORF 40 transcripts. With the single exception of the ORF 61 transcript detected with the 5Ј probe, the relative expression of each gene determined by array analysis was reflected in the band intensity on the Northern blots. The discrepancy noticed in ORF 61 between the relative abundance determined by array analysis and that inferred by Northern blot analysis is especially noteworthy (Fig.  4) . For example, array analysis ranks ORF 61 expression below ORF 62 expression (29.1 and 53.7, respectively). However, Northern blot analysis suggests that ORF 61 expression is greater than ORF 62 expression. Some of the major factors which may interfere with both analyses are RNA stability, probe activity, and means of detection. It is possible that the Ϸ4-kb ORF 62 transcript is less stable than the Ϸ1.5-kb ORF 61 transcript, resulting in under representation of ORF 62 by Northern analysis. Alternatively, probe synthesis and hybridization kinetics for ORF 61, 5Ј probe (GϩC ϭ 50.4%) may be more efficient that that of ORF 62, 3Ј probe (GϩC ϭ 69.3%).
Confirmation of array results (RT-PCR analysis of intergenic regions).
Array analysis indicated the presence of transcripts mapping to the three major intergenic regions of the VZV genome in virus-infected tissue culture cells. While Northern blot analysis mapped Int-1 and Int-9/10 probes to gene 62 and 61 transcripts, respectively, results for transcripts mapping to the remaining Int regions were not conclusive. Thus, PCR was used to confirm transcription within the intergenic regions (Fig. 5) . First-strand cDNA was synthesized from control and VZV-infected cell RNA either with or without reverse transcriptase, and PCR-amplified with primers mapping to the three major intergenic regions of the virus genome.
Comparison of the PCR product obtained by amplification of VZV-infected cell cDNA with that obtained from the VZV DNA amplification showed that, with the exception of Int-3(F/ R), all Int primer pairs tested yielded product transcription across these "silent" regions of the virus genome. The lack of product from control cell RNA and VZV-infected cell RNA demonstrated the specificity of amplification and removal of residual virus DNA the reactions.
Int-8 primers yielded two PCR products in the amplification of VZV cDNA, possibly indicating posttranscriptional processing of the full-length message. Int-11 primers resulted in two bands when VZV DNA or cDNA was amplified. The presence of the top band in all samples is the result of nonspecific amplification; however, the Ϸ100-bp band, present only in the VZV cDNA and in VZV DNA, approximates the 109-bp theoretical size indicating virus transcription across this region.
DISCUSSION
This study is the first to use PCR-based arrays for the simultaneous detection and quantitation of VZV transcripts. The array targets contained PCR fragments from all originally predicted ORFs (10) with the single exception of ORF 14, which contains multiple R2 reiterations that render the clones unstable. ORF S/L is the first demonstrated spliced VZV transcript and maps to the leftward end of the virus genome (19) . The 21-kDa cytoplasmic ORF S/L protein is expressed during lytic virus growth (in vitro and in vivo), and null mutations of this gene yield virus with altered cell adhesion characteristics. ORF (Fig. 2) , and relative expression of virus genes was assessed ( Table 3) S/L-specific targets were not placed on this first-generation VZV array.
The four most abundant (relative expression Ͼ Ϸ100) VZV transcripts mapped to ORFs 9, 64, 33, and 49. Northern blot and DNA sequencing indicated that the ORF 9 products detected by array analysis were composed of two 3Ј-coterminal overlapping transcripts. ORF 9A is located 367 bp upstream from the ORF 9 initiation codon. The ORF 9-associated bands detected by Northern analysis differed by 0.34 kb. Together, the data indicate that ORF 9 and 9A are coterminal, consistent FIG. 4 . Northern blot analysis of VZV transcripts. Control (C) and VZV-infected (V) cell RNA was resolved on denaturing gels and hybridized to PCR-generated probes specific for the 5Ј or 3Ј end of ORFs 9, 64, 63, 62, 61. and 40, the antisense oligonucleotide 9RB (Table 1) , or the PCR-generated intergenic (Int) fragments 1, 9, and 10. Asterisks indicate major bands detected in each lane. The relative expression (rel. exp.) of each ORF determined by array analysis (Table 3) is listed below the respective Northern blot. The DNA sequences of the ORF 9 and ORF 61 termini determined by 3Ј-RACE are also listed. The termination codon (TAG) is underlined, and the putative poly(A) addition signal is both italicized and underlined. The proposed ORF 9A, 9, and 61 mRNA structures are shown at the bottom of the figure. with the ORF 9 doublet band detected by Ross et al. (38) , and map the 3Ј terminus of these transcripts. Even though quantitation of the Northern blots indicated a Ϸ4-fold higher abundance of ORF 9 than ORF 9A transcripts (3.8 Ϯ 0.4, n ϭ 5), ORF 9 expression was greater than that of ORF 64, the second most abundant transcript detected by array analysis. Recently, OFR 9 protein has been shown to be an abundant tegument protein phosphorylated by ORF 47-encoded protein kinase (42) . Phosphorylated ORF 9 protein associates with phosphorylated IE62, and the complex is liberated during virus uncoating. Along with stabilizing the virion tegument, ORF 9 protein may also help direct IE62 to appropriate promoter sites. The VZV ORF 9 homologue in herpes simplex virus type 1 is UL49, a posttranslationally modified tegument protein which associates with cellular chromatin (1, 22) . Thus, the structural ORF 9 protein may also help orchestrate virus gene expression. ORF 9A encodes a nonessential 7-kDa membraneassociated protein which is associated with syncytium formation (38) .
VZV ORF 64, which encodes a predicted 19.8-kDa protein, is located within the repeat region of the unique short segment of VZV DNA and is therefore also present as ORF 69. Sitedirected gene knockout studies identified a phenotype only when both ORF 64 and 69 were deleted (41) . In VZV containing both ORF 64 and 69 mutations, glycoprotein E (gE) expression and syncytium formation are increased. While VZV ORF 64 and 69 proteins are dispensable for both in vitro and in vivo virus growth, they may play a role in the establishment or maintenance of VZV latency (41) . Herpes simplex virus type 1 US10, the homologue to VZV ORF 64, is a capsid/ tegument-associated phosphoprotein that associates with the nuclear matrix of infected cells (46) .
Our Northern blot analysis suggests low-level ORF 63 readthrough to the ORF 64 termination signal. Multiple termination signals may be more common than previously thought, particularly since ORFs 18 and 19 have been shown to be coterminal (unpublished data) in cDNA libraries constructed from VZV-infected cells (8) . An additional example of readthrough may be seen in the relative abundance of ORFs 42 and 45, which encode putative exons from a single processed transcript. The relative expression of ORF 42 is greater than that of ORF 45. A possible explanation is that transcription originating from upstream genes such as ORFs 40 and 41 with the termination signal supplied by ORF 43 or 44 would result in greater expression of ORF 42 than of 45. Further studies are needed to confirm such a hypothesis. Meanwhile, even the prediction that both ORFs (45 and 42) are spliced has not been confirmed.
ORFs 33 and 33.5 encode highly immunogenic proteins associated with the assembly of virus nucleocapsids (12, 16, 27, 33) . The ORF 33 transcript encodes the full-length precursor protein, which is posttranslationally cleaved to yield the assembly protein protease (ORF 33) and the structural protein substrate (ORF 33.5). Thus, the nested genes are in-frame, 3Ј-coterminal encoding proteins with identical C termini.
The protein encoded by VZV ORF 49 has not been identified. The herpes simplex virus type 1 homologue UL11 is a posttranslationally modified, Golgi-associated, viral tegument protein that functions in nucleocapsid envelopment and egress. UL11 protein may be involved in membrane structure, since constitutive cellular expression of UL11 blocks herpes simplex virus type 1 gD-mediated virus attachment (23) (24) (25) 36) .
The most abundant VZV transcripts expressed during virus propagation are associated with membrane structure (ORF 9/9A, ORF 64, and ORF 49) or capsid assembly (ORF 33/ 33.5). Contrary to previous assumptions that ORF 40 transcripts, encoding the major VZV nucleocapsid protein, were highly expressed during lytic virus infection (3, (6) (7) (8) 20) , our array analysis suggests and Northern blot analysis confirms that ORF 40 transcripts in productively infected cells are low abundance (23-fold less abundant than ORF 9/9A).
Unlike experiments involving high-titer cell-free virus or metabolic inhibitors of protein and DNA synthesis (5), this experiment was designed to determine the relative expression of VZV genes as virus infection progresses through the culture and was not designed to determine the traditional one-step growth kinetics. As such, it might be expected that the virus genes expressed are predominantly late (i.e., virus structural genes); however, immediate-early VZV genes are also detected. Of the 67 VZV genes detected by array analysis, immediate-early genes 63 and 62 are ranked 5 and 7, immediateearly genes 61 is ranked 18, and immediate-early gene 4 is ranked 31 (Table 3) . Thus, propagation of the virus by cocultivation resulting in large multinucleated syncytia is accompanied by high levels of expression of membrane-associated proteins, immediate-early proteins 63 and 62, and the expression of numerous genes whose function has not been identified (for example, ORF 57).
Oligonucleotide-based arrays have been used to determine the time-course of herpes simplex virus type 1 transcription (43) . Comparison of the relative abundance of herpes simplex virus type 1 versus VZV transcripts reveals striking differences in the pattern of gene expression. For example, only the homologue of VZV ORF 64 is included among the five most abundant herpes simplex virus type 1 genes transcribed at early times after infection. Transcription of this herpes simplex virus type 1 gene diminishes late in infection and is superseded by transcription of the gene encoding the herpes simplex virus major capsid protein. Both early and late in herpes simplex virus infection, transcription of the VZV ORF 9A/9 homologue approximates the mean herpes simplex virus transcriptional level. Just as DNA sequence analysis demonstrates genetic differences between the two human neurotropic alphaherpesviruses (28) , transcriptional array analysis indicates how these genetic differences are reflected functionally.
A caveat in interpreting transcriptional data arises from the ability of array and Northern blot analysis to provide only snapshot of the cell at time of harvest. Thus, high abundance may result from low-level transcription of stable RNA, while low abundance may rest in rapid degradation of an actively transcribed gene. Our studies addressed relative abundance of VZV gene transcripts, not RNA stability. On the other hand, the global approach of array analysis, besides providing a temporal description of virus gene expression, enabled discovery of novel transcripts, such as those mapping to the three major intergenic regions. Northern blot analysis confirmed three of the Int-target results and demonstrated an association with untranslated regions outside ORFs 61 and 62. PCR evidence confirmed the array analysis by demonstrating the RT-dependent amplification of cDNA within the intergenic regions. Fu-ture research is focused on mapping these transcripts, but preliminary evidence suggests posttranscriptional processing of transcripts within these regions (unpublished data).
Global transcriptional analysis is potentially valuable in several areas. For example, wild-type and VZV gene knock-out constructs can be compared to determine how the virus compensates for the lack of specific genes. Comparison of virus gene transcription in various cell lines or in human biopsy and explanted tissue in SCID-hu mice (29) might elucidate cellular effects on virus gene expression. Combining VZV transcriptional array data with wild-type and specific gene knockout mutant virus with the global cellular transcription analysis afforded by cellular gene chip experiments (18) will demonstrate the cellular response to specific virus genes. Transcriptional array analysis of parental and vaccine OKA VZV along with the recently available complete virus genetic information (14) will help to determine the molecular effects of virus attenuation.
Various methods to obtain cell-free VZV, albeit at low titers (14, 15) , together with methods of probe signal enhancement (37, 45) will allow synchronized virus infection and temporal classification of VZV genes, information required for a better understanding of the virus's growth cycle and especially important when comparing VZV to the prototype neurotropic alphaherpesvirus herpes simplex virus type 1. Herpes simplex virus type 1 infection is characterized by the ordered sequential expression of immediate-early, early, and late genes (43) . In this report, at the earliest time examined (1 day postinfection), little transcription (cellular or virus) was detected. The differences in gene expression between VZV (this report) and herpes simplex virus type 1 (43) , especially early in virus infection, most likely reflect the mode of infection (cocultivation and unsynchronized versus synchronized high-multiplicity infection). Nevertheless, even with unsynchronized infection, we detected some VZV-specific transcripts within 24 h after infection, followed by increasing numbers and abundance of VZV-specific transcripts corresponding to all putative kinetic classes during the first 3 days (Fig. 2) .
Finally, application of high-throughput technology with global VZV transcriptional array analysis to the study of human ganglia will increase our understanding of virus latency to an unprecedented level. Whereas these studies were previously limited to PCR or in situ results for selected virus genes, the technology is now available to search the entire VZV genome for transcription in a single experiment. Thus, a most vexing and basic question in the field of VZV research, i.e., which VZV genes are transcribed in latently infected human ganglia, can now be addressed.
